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with a Major in Chemistry:Biochemistry and a Minor in Science and
Technology Studies. His four years at Colby have included three
years of research under the supervision of Dr. Julie Millard. He
graduated in the spring of 1995, Magna Cum Laude with a Bachelor
of Arts, with Honors in Biochemistry. In addition, he was elected into
the Colby chapter of Phi Beta Kappa, received the American Institute
of Chemistry Award and the Mark Lederman Prize. In the fall of
1995, Michael will be attending Medical School at the Tufts
University School of Medicine.
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The highest reward that God gives us for good work
ability to do better work.

- Elbert Hubbard
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IS

the

Introduction

Each section of this thesis will be subdivided into three parts
encompassing all of the research in which I have been involved
during the past three years. These will be referred to under the
headings "Syntheses:' "Molecular Modeling," and
Efficiencies."

"Cross-linking

Each of these subdivisions may have divisions within

them when necessary in order to fully detail the research.

Syntheses:

There are many compounds in nature that can chemically bind
to DNA. This binding can result in therapeutic effects or harmful
effects such as cancer or mutations. Nitrogen mustards and their
chemical analogs, diepoxides, are compounds that effectively cross
link DNA with a specific sequence preference. The first topic of
discussion in this thesis will involve the synthesis of diepoxides,
specifically 1,2,5,6 diepoxyhexane (DEH)(l)1 and 1,2,4,5
diepoxypentane (DEP)(2). Included in this synthetic section will be
reference to "Organic Syntheses" and "Bacteriological Syntheses." This
discussion will also include any other chemical processes necessary
to synthesize the desired diepoxides.

I Abbreviations: DEH- 1,.2,5,6 Diepoxyhexane; DEP- 1,2.4,5 DiepoJ(ypentane; DEB- 1,2.3,4
Diepoxybutane; DEO- 12,7,8 Diepoxyoctane; DECyc1o- 1,2,5.6 Diepoxycyc!ooctane; MC- Mitomycin C;
MCPBA· m-Chloroperoxybenzoic acid; dPAGE- denaturing Polyacrylamide Gel Electrophoresis; IU.
amino acid; GC/MS- gas chromalOgraph mass spectrometer.
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Another mutagenic agent which can be found naturally in
poison hemlock is
was completed

In

y-coniceine (3). The synthesis of this compound
order to verify the DNA-binding characteristics of

y-coniceine.

(3 )

Molecular Modelin g:

The purpose of the molecular modeling was to examme the
cross-linking capabilities of each diepoxide in a given DNA sequence.
The models should allow predictions to be made about the cross
linking characteristics of several cross-linkers. These models were
created using molecular mechanics with the CHARMm forcefield. This
section will contain information regarding the modeling of cross
linked DNA as well as information on the methods used to determine
the structures of glutamic acid and y-glutamic acid polymer salts( 4)
with different. The polypeptide research is being completed for

5
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Professor Paul Greenwood and his work with nematocyst stability In

vivo.
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Experimental Determination of Cross-Linking Efficiencies:

Preliminary research has indicated binding specificities of
different diepoxides. Calculations of the efficiencies of each different
cross-linker with a given DNA sequence would be beneficial to the
determination of the molecular mechanism by which these agents
exert their biological effects. This section describes -the purification of
DNA, radiolabeling of DNA, cross-linking reactions, denaturing
polyacrylamide gel electrophoresis (dPage), and measurement for
cross-linking efficiency.
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Background

Syntheses:

Organic
An epoxide is a cyclic ether of the oxirane class, which refers to
an ether with an oxygen as one member of a three membered ring.
Diepoxides are molecules containing two such cyclic ethers l . The
purpose for studying these structures is based on their analogous
nature to nitrogen mustards, which have been shown to have
antitumor activity due to cross-linking of DNA. 2 The mechanism of
cross-linking of nitrogen mustards was determined by Brooks and
Lawley in 1960. 3 A similar method of action was first proposed by
Lawley and Brooks in 196r for diepoxybutane cross-linking, which
was determined to be carcinogenic in 1951.s

One terminal chlorine

atom is removed, leaving an azinidium ion. This ion then binds to one
chain of the DNA. The other chlorine is then removed and binds to
the other chain (Figure 1).
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Figure

1

N-methyl bis( 2-chloroethyl) amine

Mechlorethamine

r

CJ~NV
Azinidirtium ion

Conjugate from DEB treated RNA

Although the epoxides are technically classed as ethers, they
are much more reactive than other ethers, due to the ring strain
inherent in a three membered cyclic molecule. This strain allows for
a large number of ring opening reactions, (Figure 2), typically by
nucleophilic substitution at one of the carbons of the epoxide and
with oxygen as the leaving group.6 The biological activity of epoxides

.

has been identified as (but not restricted to) causing point mutations
and deletions, chromosomal aberrations and the induction of cancer.?
The broad spectrum of toxicity of epoxides has led to their use as

8

pesticides and sterilizing agents for food and medical equipment.
Their occurrence naturally as mold contaminants and as the products
of metabolic breakdown during detoxification in mammalian tissue
has led to many investigations regarding the natural processes by
which epoxides are degraded in human tissue.

Figure

2
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In the human body, ethylene oxide, the smallest of the
epoxides) is found only in relatively small amounts. The

et~ylene

oxide can react readily with biomolecules containing amine and thiol
groups when it enters the body. However, in addition the epoxide can
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react with chlorine to produce 2 -chloroethanol (5). Oxidation of the
2-chloroethanol in vivo forms chloroacetaldehyde (6) (Figure 3).
Both 2-chloroethanol and chloroacetaldehyde are known to have the
ability to produce mutations and chromosomal aberrations. To
defend against these harmful substances, the human body has a
supply of glutathione (7). a sulfur-containing compound found in
most cells. The nucleophilic sulfur group is generally able to trap any
reactive electrophiles in a SN2 reaction before the production of
chloroacetaldehyde occurs. The glutathione adducts are broken down
into harmless fragments and are eventually expelled from the body.

(Figure

4)

Figure

3

Ethylene oxide reacts with chlorine to produce
Chloroacetaldehyde
cr , H20
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Syntheses of epoxides has been completed by USIng vanous
mechanisms. The major epoxide which is mass produced by industry
is ethylene oxide (8). Ethylene oxide is used as stated above as a
chemical sterilizing agent. The current method of large scale
synthesis of ethylene oxide is the passing of an ethylene and air
mixture over a silver catalyst (Figure 5).\ This method can only be
used for the production of ethylene oxide. Propylene oxide (9)
cannot be prepared this way. Synthesis of epoxides larger than
ethylene oxide have been prepared in many ways. In general, a

.

simple and effective method for producing epoxides is to react a
peroxyacid with an alkene. m-Chloroperoxybenzoic acid (MCPBA)

11

to

(10) has been effectively used to produce epoxides of many alkenes

(Figure

6).

The synthesis of diepoxides is a similar process to that used for
many monoepoxides: however, problems do occur when the volatility
of the diene inhibits reactivity. The MCPBA reaction for the synthesis
of DEB (1) was perfonned successfully in our lab. s Synthesis of DEP
(2)

has been hindered due to several problems: a. Pentadiene (11)

has a low boiling point which allows escape from containment vessels
as well as escaping through many membranes designed to store
organics. b. the purity of commercially available MCPBA has
decreased markedly since 1948. This can be seen in the only
reference to a syntheses of DEP using this method. 9 Several methods
of synthesis were attempted to avoid losing the pentadiene to the
atmosphere. Purification schemes for the MCPBA were employed as
well.
CI

•

AZ\o
(9)

••0 •

·0 ·
I:
:0·

"- H
(10)
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1,5 Hexadiene

Table

1:

1,5 Diepoxyhexane

MCPBA

Properties of Pentadiene and

Pentadiene
(divinylmethane)

BP. 25.8-26.20F

DEP

B.P. 160 0

DEP

Bacteriological
An attempt was made to use bacteria grown in the presence of
propane to produce the DEP (2) as an enzymatic byproduct based on

13

results published by Patel et a1.\O A similar method USing heptane
(12) and Pseudomonas sp. (ATCC 11299a) has been successful in
monoepoxidation of heptene and nonene.\ J In addition, it has been
reported that Pseudomonas

olevorans grown on heptane can

monoepoxidize molecules with chains spanning the six to twelve
carbon range containing terminal alkenes. 12 The mechanism proposed
for the epoxidation by alkane-grown bacteria relies on the enzymes
produced for hydroxylation of the alkane. These enzymes are
apparently the same enzymes used to oxidize aIkenes. The bacterium
externalized the oxidized products, which does not allow for further
oxidation of the epoxide. It was presumed that if the product was
secreted before epoxidation of the second double bond occurred,
inhibition of the diepoxide production would occur. Despite this idea,
Patel et a1. successfully produced 1,2,3 ,4-diepoxybutane (DEB) (13)
from

1,3-butadiene (14) using propane-grown bacteria. 13 This

reference led to the investigation of a method of producing DEP usmg
similar bacteria.

~

06/1

(12)

(13)

~
(14 )

y-Coniceine {3}
The poison hemlock, Conium maculatanum L.,

contain~

several

alkaloids within its leaves. These alkaloids have been known to have
poisonous effects for centuries. More recently, they have been found

14

to induce genetic anomalies in the unborn fetuses of cows, pIgS, and
sheep.\4 One of these alkaloids, y-coniceine (3), is present in very
high concentrations in the leaves during the spring and fall months.
The ability of this compound to effectively bind DNA is being studied

as its mechanism of action.

Table 2: Properties of y-Coniceine
B.P.

(CsH 1SN~

171°C, 54°C (0.9 mm Hg)

Salt M.P.
Picrate
HO

Molecular Modeling:

The use of computer simulations to theoretically model
molecular structures has developed into a new and exciting field of
chemistry. With faster and more powerful computers available at
affordable prices, small educational institutions can now perform the
same theoretical calculations that were once out of reach.
Silicon Graphics Indigo computers are powerful workstations
capable of performing millions of instructions each second. This
speed, coupled with the graphic user interface, enables accurate
molecular images to be presented. The software package Quanta by
Molecular Simulations enables structures to be created and imported
using a variety of formats. These structures can then be minimized to
find a lowest energy structure using CHARMm. In addition, molecular
15

dynamics and other features allow calculations to be conducted that
resul t in even better theoretical structures.
The structures modeled were the DNA sequence and cross
linkers as stated above, as well as polyglutamic acid and poly (y
glutamic) acid (4) with mono and divalent cations. The study of poly
(y-glutamic) acid is based on the studies that show many of the
nematocysts found naturally, in species of Cnidaria Uellyfish), contain
large concentrations of soluble polyanions. The study of the relative
stabilities of poly (y-glutamic) acid with different cations is the
purpose of this study. The difference between poly (y-glutamic) acid
and the regular peptide bonded glutamic acid is in the location of the
bonds between amino acids (a.a). There would normally be a peptide
bond between the carboxyl terminus of one a.a. and the amlDo
terminus of the next a.a.; with poly (y-glutamic) acid, the amino
terminus bonds with the y-carbon of the R group (Figure 7). This
alters the structure considerably.

Figure

o

7

o
.---N·--
H

-0'1o

-0
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Cross-Linking Efficiencies:

Mechlorethamine

(15) is a nitrogen mustard that has been

investigated as a DNA cross-linker since 1960. 3 Other compounds
have been theorized to cross-link DNA in a similar method.
Mitomycin C (MC) (16) has been shown to cross-link DNA through
guanines. at the sequence CG at a fairly high efficiency.J6 Cross
linking specificity has been studied with DEB (13) at 5'GNC (N is any
nucleotide) sequences ,1 Simi lar studies are being conducted to
determine the efficiency of different cross-linkers while using
various DNA sequences.

CH 3

I

CI~N~CI
(16)

(15)

Investigating the cross-linking efficiencies and preferences of
several diepoxides involves many aspects. Several DNA sequences
must be used to determine sequence preference. These DNA strands
must be purified and if the DNA purchased is single stranded. it' must
be made two stranded by joining it with the complementary strand.
DNA cross-linked with Me (16) is used as a reference when. using
dPAGE. DPAGE separates the fragments of DNA, leaving the heavier
cross-linked DNA strands nearer to the top of the gel. Cerenkov

17

counting

IS

used to determine (he amount of radiolabeled DNA, thus

enabling the determination of efficiencies.
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Experimental

Procedure

Syntheses:

Organic
All organic reagents were purchased from Aldrich
Chemical. DEH (1) was produced with high purity (Appendix,
Figure A) using an epoxidation reaction with MCPBA (10) in
dichloromethane. 4.66g 1,5 -hexadiene (17) was added using a
syringe to a sealed flask containing a solution of 150 ml
dichloromethane and 33.9g 40-60% MCPBA. The reactantS were
allowed to react at 4°C for 16hrs. The resulting solution was suction
filtered and the solid fraction neutralized and discarded. The liquid
fraction was neutralized and separated with 3 separate washings of
5% NaOH solution and one H 20 wash. The solvent fraction was dried
using anhydrous Na 2 S

°

4

and then filtered. The solvent was then

removed and the residue was tested using TLC plates to determine
the number of constituents in the residue (Appendix,

Figure

Using a solvent system of 3:7 ether:hexane it was possible

to

B).

extract

the three primary constituents of the residue. The residue was then
run through a small 4" silica get column with the 3:7 ether:hexane
solvent system. The three fractions were collected and the solvent
removed. An IR was done on each fraction, and it was determined
that fraction #3 contained 0.379g DEH. Fraction #3 was tested on the
•

gas chromatograph mass spectrometer (GC/MS), HP model 5890, and
found

to

have an estimated purity of 99% by integrating the peaks.
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The procedure was then repeated with 4.5g l,5-hexadiene (11) and
40.0g MCPBA resulting in 0.41 g DEH.

~
(17)

The same procedure was used to produce DEP (2) from MCPBA
(l 0) and l,4-pentadiene (l). All anempts were unsuccessful. Initial

attempts using the same procedure as stated above led to TLC plates
containing several unrecognizable products. These were found to be
excess acid that was not neutralized and unknown polymers, possibly
from the impurity of the MCPBA. The reaction was repeated using
different solvent systems, different washing techniques and changing
temperatures throughout the reaction process to no avail.
Purification of the MCPBA was attempted following Reagents Organic
Synthesis,17.
pH 7.5,

The impure MCPBA was washed in a phosphate buffer,

and stirred overnight. It was then dried, filtered, and tested

using an iodometric assayl8. Following the results of the iodometric
assay, the MCPBA had fewer contaminants, thus was used to attempt
the reaction again. When this failed, research led
reference

[Q

[Q

a single

this synthesis by Paul and Tschelitcheff. 10 The journal

was translated, and it was determined that the only differences
between our attempted synthesis and their successful synthesis was
the use of dry chlorofonn and 99% pure MCPBA. This led to a
renewed effort in purification of MCPBA and purifying chlrnoform.
Chlorofonn was dried by adding 350 mI

[Q

anhydrous CaCI 2 • The

reaction was then run again at 4°C with the purified MCPBA and in

20

dry chloroform. The product was not run on TLC plates, but directly
tested on the Mattsen 4020, JR. There were epoxide peaks present
(Appendix,

Figure

C), but the product was so unstable that by the

next day there was only black residue in the beaker. This reaction
was attempted various times never to exhibit the epoxide peaks
again. The final attempts were made with a new MCPBA purification
scheme described by Aggarwal & Varinder. 19 This suggested NaOH
and KH 2 PO 4 buffer, pH 7.4,

instead of the phosphate buffer used

10

the past. The iodometric assay showed results consistent with
purified MCPBA, but the reaction proceeded as it had before. Since it
was possible

to

get epoxide peaks on the GC/MS, rather than risking

a lengthy purification, this unpurified substance was used for cr05S
linking in the present form. When tested again the next day on the
GC/MS, there were no epoxide peaks (Appendix, Figure D).

Bacteriological
In response to the unsuccessful organic synthesis of DEP
(2), the procedures described by Hou et a1. were followedY' The

mineral salt media used contained 5.0085 g NaNO), 0.5013 g

MgS0 4 ·7H zO, 0.1095g KCI, 0.0388g CaCI 2 , 0.5237g Na 2 HP0 2, 0.2249g
NaH 2P0 2 • 2.5mg FeS0 2·7H 2 0, 12.5 ug CuS0 2 ·5H 20, 25ug H 3B0 4 , 25ug
MnS0 4 ·5 H 2 0, 175ug ZnS0 4 ·7H 2 0, 25ug MoO) in a 10% stock agar
50lution. 20 The agar plates were stored at 4°C. Pseudomonas putida
and Pseudomonas fluorescens were both grown on glucose plates to

.

obtain a large culture. They were then transferred to the mineral salt
media plates in an evacuated chamber. The chamber was then filled
with 50% propane, 50% air from balloons which could be shut off and

21

refilled. thus used as a renewable source. The bacteria were allowed
to grow

In

this media for several days. When no growth occurred. the

media was made again and a new gas system was developed
(Appendix, Figure E). There was still no growth, thus a solid
media did not appear to work.

y-Coniceine (3)
The final organic syntheses done was the synthesis of

r

coniceine (3). This synthesis followed the procedure outlined by
Sam Salah Salman. 2l

The synthesis was accomplished in two steps.

First the synthesis of N-Butyryl piperidone (18) was completed by
adding 2.3g N-butyryl Chloride (19) in 10 ml benzene to a 15 ml
benzene solution containing 5.0g 2-piperidone (20). After an hour of
stirring, the solution was taken up in methylene chloride and washed
in both 5% NaOH and 5%HCl sosolutions. The solvent was then
removed by rOlOvap. The second step was done using a procedure
developed by Mundy, McKenzie and Lipkowitz. 22 1.Og N -Butyryl
piperidone was heated with 1.0g CaO in a pyrolysis flask. The
product was then tested in the GC/MS and found to contain the
expected y-coniceine as well as several other compounds
(Appendix, Figure F). Using the Gow Mac series 350 gas
chromatograph, (180°C, 4' x 1/4" 10% carbowax. 20M on Chromsorb
P, 80/100 mesh column)

the y-coniceine was extracted from the

mixture pure enough to an estimated 90-95% purity.

22
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3

Molecular Modeling:

DNA

and

Cross-Linkers

The molecular modeling was performed

USing

the Quanta!

CHARMm software package from Molecular Simulations. The protein
database file for the DNA sequence 5' -d[CATGGCCATG] was
downloaded from the Brookhaven Protein Databank on the. World
Wide Web using an Apple Macinlosh Thl computer. 23 This PDB file was
then transferred

[0

the Silicon Graphics workstation using the File

23

Transfer ProtOcol (FTP). From within Quanta, the pdb file was
imported and successfully modeled on the screen. This file was then
saved as the file CATGGCCATG.msf. Points of care involved the
associated water molecules which

In

Ouanta 3.0 could be modeled

without alteration, in Quanta 4.0 they were a problem. This problem
resulted in the loss of information regarding several of the atoms
present in the sequence. An upgrade to Quanta 4.1 was provided
which rectified this problem when the data file was imported as an
X-Plor/CHARMm file. With CHARMm in RTF mode, it is necessary to
obtain an energy using the CHARMm Energy option before
continuing. Using this procedure, a problem was encountered which
related to the CHARMm method used later. The following seuings
were used to determine the CHARMm forcefield:
Non Bonded Parameters
Update Frequency
-1
Cutoff On (CTON)
1 1A
Dielectric
CDIE value 1
H-Bond Parameters
Update Frequency
o
Cutoff Distance
o.sA
Cutoff On (CTON)
4A
Cutoff Off (CTOF)
sA

Cutoff Distance 15 A
Cutoff Off (CTOF) 14A

Cutoff Angle

C1DN
C1DF

90
90
90

These opti ons are all disc ussed on page 156 of th e Quaora man uat for
generating and displaying models.
It became necessary once agam to obtain a new CHARMm

~nergy

after loading the DNA file into the Molecular Editor and choosing the
Type All Atoms option in the palette. When this was done, no
subsequent problems

occurred.

24

Using the 2D molecular modeler (ChemNote) in the Applications
menu, the various cross-linkers were created. These diepoxides were
saved as the following files: 4C.msf (13), 5C.msf (2) , 6C.msf (1),
SC.msf (1,7 - diepoxyoctane) (21), Cyclo.msf (1,5
diepoxycyclooctane)

(22), and Mechlorethamine (15).

o

o
(21)

(22)

After savwg the diepoxides in raw, unminimized form, each
was minimized using the Conjugate gradient method of CHARMm
minimization. The settings used were:
RTF mode
Minimization Steps
Coordinate Update Frequency
Energy Gradient Tolerance
Energy Value Tolerance
Initial Step Size
Step Value Tolerance

1 00
5
.01
0
.02
0

This minimization was performed on each diepoxide until no energy
change occurred. After minimization, each diepoxide was resaved
using the following scheme: 4Cmin.msf, 5Cmin.msf, 6Cmin.msf,
8Cmin.msf, Cyclomin.msf and Mechlormin.msf.

25

The DNA structure file CATGGCCATG.msf was then opened and
appended to each cross-linker file individually and then saved to
allow interaction of the two molecules. The file names used were:
4CDNA.msf, 5CDNA.msf, 6CDNA.msf. 8CDNA.msf, CycloDNA.msf and
MechlorDNA.msf. Once each file contained both the DNA structure
and the cross-linker, it is possible to break the bond between the
terminal carbons of the epoxides and the oxygen using the Molecular
Editor application. As stated above, the ring strain inherent in this
system provides the reactivity when the ring opens. Thus, opening
the rings is necessary due to the mechanism of action of epoxides.
When the bonds have been broken, the Molecular Editor is used
again to bond the terminal carbon of the epoxides to the
corresponding nucleotide. These molecules were attached to the N7
posi tion of the deoxyguanosines on opposite strands at the sequence
5'-d[GCCJ 24 (Figure 8). Due to the reversible nature of the sequence
used, the cross-linker could actually be placed at either of two loci:
5'-d[GCC] or 5'-d[GGC]. These systems are the same when the DNA

IS

rotated because the sequence is the same going either direction.
When the bonds were made, the files were resaved with the
following names: 4Clinked.msf, 5Clinked.msf, 6Clinked.msf,
8Clinked.msf, 8Cyclolinkedopp.msf, 8Cyclolinkedsame.msf, and
Mechlorlinked.msf. This is to allow possible reattachment by using
the #CDNA.msf files. Two cyclooctanes are necessary because it is not
possible, when using theoretical models, to assume which carbon
oxygen bond will break in the cyclic structure. (Figure 9)

26

Figure 8

Figure

9

o

o

N7

5 6/
N=.

o

o

By choosing the Constraints Options and select constraints

In

the CHARMm menu, it is possible to constrain the double helix while
allowing the cross-linker ro be minimized with respect to the
surrounding atoms. This was done by choosing Select Segment

In

the

Constraints palette and selecting each strand of the double helix. The
DNA is now One solid color while the cross-linker remains
multicolored. At the option to input a value for the constraints, a
value of -1 was used. This was sufficient

to

maintain the integrity of

the DNA structure. The constraints were verified by choosing show
constraints. The constrained molecules were then saved over the
current files. At this poine il was essential to make sure that
CHARMm was in RTF mode. Using the CHARMm options, the RTF
options was selected. It was important to make sure that the
DNA.RTF file was selected as well as the RTF file created by

.

ChemNote for each of the cross-linkers. The RTF files for the cross
linkers were located in the direcrory where the ChemNote files were
saved. The molecules were then minimized using the same method as

27

used for the diepoxides alone. Minimization was continued until no
energy change occurred. These minimized files were resaved using
the system, 4Clinkmin.msf (Appendix, Picture 1),
(Appendix,

Picture

2),

6Clinkmin.msf (Appendix,

8Clinkmin.msf (Appendix, Picture 4),
(Appendix,

Picture

5),

5Clinkmin.msf
3),

8Cycloopplinkmin.msf

8Cyclosamemin.msf

6), Mechlormin.msf (Appendix,

Picture

(Appendix,

Picture

Picture 7).

After obtaining the minimized structures, sterle interaction was
calculated by determining how many atoms from the DNA were
within a 3

A.

radius of the cross-linker (Appendix,

Picture 8). This

was done by choosing the color atoms/selection tools from the draw

A

menu. At selection tools, select proximity tools and input 3

radius.

Each atom of the cross-linkers were then individually selected. As
each atom was selected, any atoms within the 3

A radius

were

colored the selected color. When finished, the atoms of the DNA
sequence which are colored were physically counted.
The bond lengths were obtained by selecting "distance" from
the geometry palette. Selecting the atoms at each end of the bonds
will show the bond lengths if show distance monirors is activated in
the geometry palette.
Images of the cross-linked DNA were originally produced using
several methods. The first method was accomplished by using the
Snapshot application from the Workspace and saving a TIFF snapshot
of each structure. These were independently named and saved to the

.

current directory. Using an Apple Macinwsh™, these TIFF files were
retrieved using FTP in binary mode. In order to view these files
using Adobe Photoshop 2.5 from Adobe Systems,
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it was necessary to

change the file type from TEXT to TIFF using Res Edit or Norton Disk
Editor. This is not necessary if Photoshop 3.0 or later is used.
Unfortunately, these images are inverted (right-handed helices
become lefl-handed) when transferred and must be inverted using
Photoshop 3.0. This problem necessitated a different approach. The
current method of printing is much easier, now that upgrades to the
printing software have been installed. Snapshots are taken in the SGr
fonnat instead of TIFF as stated above. The snapshot icon can then
be directly dragged and dropped onto the icon for the Phaser printer.
Without this new advance, the structures had to be exported as PDB
files with corresponding names. These POB files are then retrieved
USIng FTP

to

the Macintosh where they can be viewed using RasMac

v2.5. a molecular visualization program by Roger Sayle,
(Biomolecular Structure Glaxo Research and Development, Greenford,
Middlesex, UK.) Using RasMac v2.5 the molecules can be correctly
viewed in 3D, saved, and printed in a number of formats and styles
from the Macintosh TM. The best 3 dimensional images are produced
by directly printing from the Silicon Graphics (Appendix,

Picture

12). Unfortunately, after careful analysis of the data, it became
obvious that the molecules were not completely minimized. There is
more work which must be done in order to use these structures for
any theoretical

hypotheses.
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Poly

(y-glutamic)

acid

(4)

In an attempt to model poly(y-glutamic) acid salts (4) while in
solution with different cations, specifically Ca+ 2 , K+ and Na+, for Dr.
Paul Greenwood, several new methods had to be used.

Although the

molecule desired by Dr. Greenwood was poly(y-glutamic) acid. the
structure first modeled was polyglutamic acid (23) with Ca+ 2 and
N a +. The difference between the molecules which was described in
the background section of this thesis, caused many problems making
the modeling of the poly(y-glutamic) acid with Ca+ 2 and K+ • much
more difficuh than the regular polyglutamic acid with regular
peptide bonds.
The polyglutamic acid (23) was first fanned by usmg the
sequence builder and choosing ten Glu molecules and selecting them
all. After selected,
secondary structure

there were two structures created. One with the
In

a right handed alpha helix was given a file

name of polygluhel.msf. The second structure was an extended
backbone structure named, polygl uex t.msf. The next step was to
create the cations for use in this system.
Using the ChemNote application, ten calcium ions or twenty
sodium ions were placed on the window. Each cation, Ca+ 2 or Na+,
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respectively was then linked in senes to the others using the dotled
bond tool in the tool palette. This is an imaginary bond tool which
allows unbonded atoms to be saved and exported into the modeling
module. After the series of cations were successfully made, they
were saved as Ca.msf and Na.msf. Returning to molecular modeling
brings the option to append the structure or use the new structure.
Appending the new structure to the polyglu allowed the cations to be
viewed on the screen with the polyglutamic acid (23). There were
fouf permutations that needed to be saved to be able to more
accurately represent the possibilities. These files should include,
polygluheICa.msf, polygluheINa.msf, polygluextCa.msf, and
polygluextNa.msf. Each file could then be opened and the cations
moved separately to better positions in a pattern around the
polyglutamic acid. This allowed for faster minimization.
The final step before minimization was to solvate the structure.
The solvent used was water, following the TIP3P model, and the
volume was a 30

A

box. Once solvated, the system was then

minimized using Adopted-Basis Newton Raphson method with the
settings at;
Minimization Steps
Coordinate Update Frequency
Energy Gradient Tolerance
Energy Value Tolerance
Initial Step Size
Step Value Tolerance

500
5

o
o
0.020

o

After a minimal structure was obtained, several
conformational searches were performed. The conformational

31

searches were done several ways. The first reasonable search was
done using the Peptide Flip search. This search only worked when
using the normal polyglutamic acid molecules. The most helpful
search was the Hybrid Jump. This was done by first defining all
torsions, then selecting (he Hybrid Jump search procedure. The
settings used were:
Include all Torsions
Number of Samples
I0
Torsion Window (Random)
360
Temperature (Kelvin)
5000
RMSD Trigger (Degrees)
5.0000
Exclude g+/g- or g-/g+ sequences
Display each structure
Minimize each structure
The hybrid jump allowed a 360 0 rotation of all angles in search
of a lower energy structure. The lowest energy structure was a
different number in the sequence for each of the four starting
structures. These structures were saved as a new generation of the
files. This lowest energy structure was then minimized again. The
new minimized structures were then renamed using the system:
polygluHeICamin.msf.
Using the new minimized structures, a dynamics analysis was
completed. This was done by initializing the dynamics files and using
the following settings:
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Option

Heat

Equilibration Simulation

Time

9 picosec.

9 picosec.

9 picosec.

Steps

10020

10020

10020

h ea t

equil

Read
Write

hea t

eq uil

simul

Trajectory

hea t

equil

simul

Val ues

h ea t

eq ui I

simul

Frequency

10

10

10

Time step

0.001

0.001

0.001

0

0

0

300.0

300.0

300.0

beginning

restart file

restart file

Initial

temp

Final Temp
Re/Start Heating from:

The method used for poly(y -glutamic) acid (4) was the same
as for the polyg]utamic acid (23) with three exceptions. The y
glutamate is not a standard amino acid, thus it had to be created

In

a

manner that Quanta would recognize the bonding and atoms. This
was done. by modeling a glutamic acid molecule with the proper
charged groups in ChemN ote and selecting the terminal atoms that
will be connected to the next amino acid. At this point it was
essential to know at what pH the system will be run. In th.is system,
pH 7.0, the proper form of the amino acid was the zwitterion. With
these atoms selected, the option "define monomeric unit" was chosen
in the properties menu. This inserted the necessary code for Quanta
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to interpret the data. The new amino acid was then saved as GGlu.
This molecule was then selected in the sequence builder and
modeled as with the glutamic acids.
The second difference is how the molecules were analyzed
after the final minimized structures were obtained. Several methods
of analysis could be used. These include analysis of: bonded
interactions, torsion angles in the systems with the different Ions,
total energy comparison after correcting for the energy of aquation.
hydrogen bonding, H 2 0 molecules contained within the helices, helix
measurements such as distance between coils and number of a.a. in
each coil, average distance

to

cations from the oxygens, and finally

perturbation analysis. Of these, only the perrurbation analysis was
not performed. (Perturbation analysis is a difficult and lengthy
procedure involving the gradual changing of one structure into
another. Since there are different numbers of atOms (ions) present

In

each structure, a method of hiding half of the ions has to be
developed. This is currently under investigation and not complete at
the time of press.) The bond energies were calculated using CHARMm
and choosing CHARMm energy. The first four energies, bond energy,
angle energy, dihedral energy and improper energy are all bonded
interactions. The torsion angles were obtained by choosing the
monitor torsion option on the modeling pal'ate and then selecting
each individual torsion. To correct for energy of aquation, a single IOn
of each type was created in ChemNote and minimized in a water box
of

lsA.

The total energy obtained after minimizing is directly related

to the energy- of aqualion. To check hydrogen bonding. the option to
see hydrogen bonds was turned on. All of the distance information
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was done by turning the distance monitor on In the modeling paleue
and then choosing each set of atoms using the select distance option.
The final difference is that potassium ions were used for the
poly (y-glutamic) acid (4) instead of sodium ions.
These structures were then printed using the methods stated
above

(Appendix,

Pictures

9,10).

After analyzing the data obtained from the above method, it
was necessary to perform the calculations using a different
forcefield. This was done by removing the solvent and the cations
and adding all hydrogens to the poly ("(-glutamic) acid in the
molecular modeler, without altering the conformation. Then
returning the poly (y-glutamic) acid to the solvent and ion system.
The molecule was then minimized again using PSF mode after first
obtaining an energy in PSF mode. The data presented is all taken
from the work done using the second forcefield model.

Cross-Linking Efficiencies:

Radiolabeling DNA. Fifteen base-pair oligonucleotides with
central tetramer sequences GGCC, GATC, and TCGA, were purified and
radiolabeled as per Millard and White.'
Cross-linking DNA. Cross-linking reactions were done agaIn as
per Millard and White for DEB (13), DEP (2), DEH (1), DEq (21), and
DECyclo (22). The cross-linked DNA was then redissolved in IOOul
H 2 0 and 5ul was removed

to

enable Cerenkov counting for total cpm

to calculate efficiencies.
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Labeling and Cross-linking with Mitomycin C. (16) MC cross

linking was done as per Millard et al. 18 To dry labeled (TCGA) DNA,
100ul 15mM Tris and 10ul MC solution (1 mg MC dissol ved in 100 ul
MeOH + 200 ul H 2 0, heated at 37°C and vortex.) were added. The
mixture was incubated for 2 hrs at 3rC. MC was activated by 3
separate applications of sodium dithionite deairated by purging with
argon. The samples were then ethanol precipitated.
Denaturing Polyacrylamide Gel Electrophoresis. Using 25%

polyacrylamide gels (0.35 mm thick, 41 x 37 cm), dry cross-linked
DNA was added to 10ui loading dye. Each cross-linked DNA sample
was loaded into the wells after measuring the counts per minute
(cpm), skipping one well between each sample. The final well was
used for the MC standard, only using 50% of the MC cross-linked DNA
and saving the other half. The gels were run on a Hoefer
Thermojacketed Poker Face gel stand at 80°C and 75 W constant
power for 3.5 hours. Using autoradiography, the cross-linked DNA
was located by referencing the MC (16) cross-linked bands as per
Millard et al. I6 (Append ix,

Picture

11). The cToss~linked bands

were then cut out of the gel and used for Cerenkov counting to
determine the cross-linking efficiency.
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Results

Syntheses:

Organic
4.66 g 1,5-hexadiene (17) (M. W. 82 g/mol) yielded .379
g

1~2,5,6-diepoxyhexane

(1) (M.W. 114 g/mol) this constitutes a

yield of 5.85%.
4.50 g

1,5-hexadiene (17) yielded .41 g 1,2,5,6

diepoxyhexane (1) for a yield of 6.55%. No further repetitions were
necessary due to the adequate mass of pure 1,2,4.5-diepoxyhexane
produced.

(Appendix

Figure

A)

There was no yield of pure I,2,4,5-diepoxypentane (2)
although there was some indication of epoxide ring presence in the
product by JR.

Bactenological
Neither of the Pseudomonas strains actively reproduced
In

the propane environment. There was a large amount of growth on

glucose and sucrose plates, but growth slowed when transferred to
the mineral salt media. The resulting cultures were not large enough,
nor were the results promising enough to continue on this line of
research.
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y-Coniceine (3)
The synthesis of )'-CODlceme went very smoothly, with a
very good yield of pure )'-coniceine. The final yield was not
calculated due to the overabundance of pure substance produced. In
purified form, the )'-coniceine was very unstable, turning a dark
brown color and losing activity in several days. Activity could be
maintained if the -y-coniceine was not removed from the unpurified
mixture using the gas chromatograph. until the day that it was to be
used. Before purification, the )'-coniceine could be stored indefinitely
at 4°C.

Molecular Modeling:

Based on data obtained from the structures shown in the
Appendix

Pictures

1-8, Table 3 was created showing the bond

lengths and steric interactions. After analyzing this data it became
apparent that there were several problems with these models. For
this reason the data given is only representative of the data that will
be available once the minimizations are completed correctly.
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Table

3:

C.·oss-linker
DEB

DEP

DEH

rID
DECyclo (Same)
DECycIo(Opposite)
Mechlorethamine

Cross-linker

Bond
Len~th
1. 720
1. 746
3.278
1.986
4.999
6.829
3.291
4.090
5.700
4.043
5.700
5.286
4.007
3.576

Steric

and

Bond
Len~th A
1. 733

Avg.

A

Bond

Effects

# atoms in
r ad ius

3A

12

2.632

31

5.914

4

3.690

8

4.871

7

5.493

7

3.791

7

Due to the fact that the po!yglutamate structure originally
modeled was in the incorrect form, there was no useful data
obtained. The energies calculated were viewed only as a reference
for the poly(y-glutamic) acid (4) when it was correctly modeled with
the y-carbon

bonded.

The following energies and torsions were calculated

USing

Quanta for the poly(y-glutamic) acid (4) with the calcium and
potassi urn cations.
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Table 4:

Energies and Torsions for
with

Energies
Total CHARMm Energy

Mono-

10

and

Calcium

Poly(y-glutamic)

Divalent

Ions

20

Cations

Potassium

-23300.5840

-19568.5215

kcal!mol

kcal!mol

Ions

Bond Energy

396.6760

kcal!mol

360.0770

kcal!mol

Angle Energy

409.4448

kcal/mol

367.6729

kcal!mol

Dihedral

Energy

52.4160

Improper

Energy

8.2129

Lennard-!ones
Electrostatic

Energy
Energy

243.8160

kcal/mol

kcal/mol
kcal/moL

38.4647
5.5798
213.5081

kcal/mol
kcal/mol
kcallmol

-24411.1504

-20553.8242

kcal!mol

kcal/mol

Constraints

0.000 kcal/mol

0.000 kcaljmol

Dihedral I <rlC 1 -)C 1)

112.3

-174.4

Dihedral 2 (~C2 .)C2)

-138.4

-169.0

-129.4

-54.31

)C4)

-48.64

-108.2

Dihedral 5 (~C5 . )CS)

-86.64

-161.4

Dihedral 6 (aC6 . )C6)

-164.8

-71.58

47.48

-144.9

-170.2

-171.5

95.1

165.1

-112.7

159.3

Dihedral 3

(~C3

Dihedral 4

(~CA .

Dihedral 7

.)0)

(~C7 -

)C7)

Dihedral 8 (~C8 . )CS)
Dihedta19
Dihedral 10

(~C9
(~CIO

.;C9)

- )CI0)

Acid

There are several energy contributions to the stability or
instability of a molecular structure. By using molecular modeling and
40

molecular mechanics, it

IS

possible to obtain approximate energy

contributions of each separate kind of energy. The energies that we
are concerned with are listed above

In

Table 4. The total CHARMm

energy is the sum of all of the sterie energy contributions. Bond
energy is the amount of energy that the system would require in
order to compress or stretch the bonds contained in the system. The
bond, angle. dihedral and improper energies are normally called
bonded interactions because there must be an actual common atom
to which other atoms are bonded.
The angle energy

IS

the energy required to bend a bond from

its equilibrium angle.
Dihedral energy

1S

the amount of energy required to rotate a

bond around the bond axis. This torsional interaction appears

to

be

caused by the repulsion of groups of imerconnected atoms. An
interesting note is that torsional energIes were originally "fudge
factors" to correct for the other energy terms.
Improper energy

IS

a term which maintains planarity about

certain planar atoms such as carbonyl carbons.
The Lennard-Jones potential is a measure of the energy of Van
der Waals, non-bonded interaction between atoms.
Electrostatic energy is a measure of the partial interaction of
electrostatic charges residing in molecules with polar bonds.
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The are only two hydrogen bonds that can be seen in the
structure with calcium. The first is between the oxygen of the ycarbon of the first a.a. and the N-H of the sixth residue (Appendix,
Picture 13). The second hydrogen bond is found between the N-H
of the fourth a.a. and the oxygen of the carboxy terminus of the same
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a.a. There

IS

only one hydrogen bond seen in the helix. with

potassium. This

IS

found between the oxygen of the y-carbon of the

second a.a. and the N-H of the sixth residue (Appendix,

Picture

14) .

There is one H 2 0 molecule located inside poly(y-glutamic) acid
helix with calcium. The small cavity created by the flattened nature
of the helix prohibits more molecules from remaining inside
(Appendix,

Picture

IS). There are three water molecules able to

fit in the cavity of the helix with potassium. The helix is not flattened
like the calcium structure (Appendix,

Picture

16).

The open helices of both structures are made up of five a.a. for
every 360 0 • The helix with calcium is skewed so that the coils look
like they were pulled away from each other in the plane of the coils.
The calcium cations coordinate between the oxygens of the carboxyl
group on the y-carbon and the oxygen of the carboxy terminus
(Appendix,

Picture

17).

The average distance from the "'(-carbon

oxygens to [he calcium ions is 2.744A, while the average distance to
the carboxy terminus oxygen is 2.80sA. The potassium helix is more
tube-shaped and the cations coordinate sligh[ly farther from both
the y-carbon and the carboxy terminus oxygen. The average distance
from the closest y-carbon oxygens to the potassium ions is 3.26A,
while the average distance to the carboxy terminus is 3.44A
(Appendix,

Picture

18).

The average diameter of the poly(y-glutamic) acid helix from
atom to atom across the strand of the protein, with the calcium
cations was calculated at 7.668A. The average diameter of the
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poly(y-glutamic) acid helix with the potassium IOns was calculated at
8.641 A. The average distance between the two coils of the poly(y
glutamic) acid helix with calcium is 4.983A. The average distance
between the two coils of the poJy(y-glutamic) acid helix with
potassium is 4.868A.
The Total CHARMm energy for a single calcium ion in water is
-2075.6592. The Total CHARMm energy for a single potassium ion in
water is -1772.9783. These are rough estimates of the energies of
aquation for a single ion. The calculation

(0

determine the relative

stabilities of the poly(y-glutamic) acids is shown below.

Calcium

-23300.5840

Potassium -19568.5215

(10 x -2075.6592) == -2542.992 kcal/mol
(20 x -1772.9783) ;: 15819.0445 kcal/moJ

These energIes are approximate enthalpies which contribute to
the total LiG of the systems. In order

(Q

completely evaluate the

stabilizing effects of these poly(y-glutamic) acid polymers in solution,
the entropy should also be calculated. This could be done using the
perturbation analysis as described above.
The glutamic acid model with the Ca+2 and the Na+ ions showed
a more regular helical stucture. The helix was adopted when
minimized with the cations in solution when starting from either the
extended backbone or the alpha helix conformation.
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Cross-Linking Efficiencies:

The activities were counted by Cernikov counting of both the
cross-linked band and the 5ul aliquot. The lOtal counts in the 100ul
were calculated and the % cross-linking was calculated. This was
done as follows: a. The cpm of the 5 ul aliquot was multiplied by 19
to

get the lOtal counts contained in the radiolabeled DNA which

would be used for the reaction. Then the cpm obtained from the
cross-linked band of polyacrylamide gel was divided by the total
cpm and then multiplied by 100.

The efficiencies of the cross-linkers with each DNA sequence
were calculated and are presented in Table 5.

Table

Cross-

5:

Cross-linking

5'd·[GGCC]

Efficiencies

in

%

5'd-[GATC]

linker

r:EB

Average

Std. Dev.

Average

Std. Dev.

0.98

0.37

0.86

0.33

0.013

0.003

DEP
IEH

0.34

0.16

0.08

0.02

lID

1.08

0.50

0.30

0.11

DECyclo

0.016

0.004

0.014

0.003
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Discussion

Syntheses:

Organic
The synthesis of DEH (1) was a highly efficient reaction
that produced very high yields which could easily be separated from
the reaction mixture. The lack of similar reactivity of the synthesis of
DEP (2) led to several hypotheses about the reaction. First, the
volatility of the pentadiene (11) could be a major problem. If the
reactant cannot be maintained in a vessel, the reaction will not occur.
In addition, the volatility may inhibit the interaction of the reactants.
For this reason several alternative experiments were conducted to
bypass this potential problem. The temperature was decreased below
the boiling point of the pentadiene, reduced pressure was induced

In

the vessel, and larger volumes of pentadiene were used. These
alterations in procedure resulted in the same lack of DEP produced.
The lowering of the temperature might have decreased the amount
of energy in the system such that the activation energy of the
reaction was not reached. Reducing the pressure should not have
been necessary due to the equilibrium of the gas exchange in the
vessel. The second problem appeared to be the purity of the MCPBA
(10). Since the only reference to DEP was accomplished with 99%
pure MCPBA, we could only assume that this purity was essential to
the successful synthesis. Despite attempts to purify the MC~BA, we
could not remove all impurities. This could have been a major
problem all along. The only problem with this hypothesis is the fact

45

that in an early trial, there was some evidence of epoxide flngs when
tested on the JR. This led to the hypothesis that the DEP is an
extremely unstable compound that readily degrades in air or

In

solution. Theoretically, the successful synlhesis of DEP would require
running the reaction and all isolation techniques in an argon or
unreactive

atmosphere.

Bacteriological
The very low growth of either Pseudomonas bacterial
strain

In

the propane-air environment implies that the strains used

could not produce the enzyme required to metabolize the propane
for use as a carbon source. Media requirements and/or time, may
have been an inhibitory factor. In addition, had any bacteria
survived in the propane environment, these living cultures would
have to be subcultured onto other mineral salt media plates such
that a large living propane metabolizing culture could be produced.
After obLaining a large enough culture, they would be suspended in a
liquid media in order to get a high volume of the necessary enzyme
for epoxidation. This procedure would only work if the single epoxide
is allowed to undergo epoxidation on the second double bond before
the compound is externalized.

y-Coniceine (3)
The highly successful synthesis of ')'-conlcelOe

IS

shown

by a yield of y-coniceine which superseded the demanded volume of

the pure compound.

Use of the gas chromatograph was successful

easily separating the y-COnICel ne from the other reaction products
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10

contained in the mixture. The y-conlcelne appeared to be most stable
when in solution or mixture. The stability of the compound dropped
dramatically when isolated and stored in solvent, even under
reduced pressure and very low temperatures. Naturally, y-coniceine
is found in combination with several other alkaloids. These alkaloids
or other natural products could serve to stabilize y-coniceine in vivo
by possibly competing for reactions.

Molecular Modeling:

DNA and Cross-linkers

Although there was extensive molecular modeling work
done, it became apparent that there were major problems with the
models. These problems included C-N bonds that were longer than
the average 1.43A26 from bond length tables, or 1.47A from the
CHARMm forcefield in the Quanta manual. Another problem was that
terminal carbons that were not tetrahedral. There are several
possible reasons for these problems. First, the models found local
minima and could not get past them

to

find the global minima.

Second, there may have been incorrect bonds created by the
computer which could have led to an incorrect minimized state.
Third, molecular forcefields are not valid for geometries far from
equilibrium. Fourth, and most importantly, molecular modeling is not
perfect. As we learn more about modeling such systems, we learn the
limitations inherent in them as well as the limi tations of the
researchers usi ng them. If the user does not account for all potential
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problems, or identify those problems when they arIse. the data will
be skewed.

Poly ( y-Gluramic) acid (4)

Although the most useful calculation to compare the
relative stabilities of poly (y-glutamic) acid with mono (K+) and
divalent (Ca 2 +-) cations would be perturbation analysis which would
provide both enthalpy and entropy information, but these
calculations have not yet been completed. Based on the models,
several conclusions can be made. (a.) By referencing polyglutamic
acid molecules, it is seen that there is a large difference in the
structures of poly (y-glutamic) acid and po]yglutamic acid. The
poly(y-glutamic) acid chains adopt a loose helical structure rather
than a random coil for a tertiary structure. (b.) The poly (y-glutamic)
acid coordinates the ions close to or between the oxygens of the
carboxyl group. Adding counterions stabilizes the system. (c.) The
energIes associated with the poly (y-glutamic) acid and each cation
did not follow the hypothesis that multiple smaller charges would
stabilize the structure better than half the number of ions with twice
the charge. The ionic radius of Ca+ 2 is 0.99

A.

while the ionic radius of

K+- is 1.33A. 27 Perhaps the lar"ger ionic radius of the potassium ions
does not allow the ion to interact as well as the calcium ions with
their smaller radii. (Charge to size ratio: Ca+ 2 > K+) d. The energies that
are most important to the stabi lity of the molecules are the. Total
CHARMm stenc energy and the Electrostatic Energy. The potassium
ion system has less favorable electrostatic interactions. The calcium
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ion system

IS

destabilized by the bonded interactions. The fewer, but

stronger, charges in the calcium system, have an electrostatic energy
which is the stabilizing effect for the system and can offset the
destabilizing effect of the bonded interactions.
Using the molecular mechanics for these systems with different
cations, it is possible only

to

directl y compare bonded interactions

between the two molecules. Comparing other energies directly does
not take the difference in number of ions or the energy of aquation
into account. In order to get an approximate comparison between the
Total CHARMm Energies, it is important to first subtract the energy
\

of aquation of each set of ions. This was done by minimizing a single
ion of potassium and calcium each in water and obtaining the steric
energy. This energy is the energy of aquation of a single ion.
Subtracting the Total CHARMm Energy of each cation multiplied by
the number of cations present in the modeled structure (10 Ca+ 2 , 20
K+) from the Total CHARMm Energy of the poly (y-glutamic) acid with
the respective cation, results in a relative energy. This energy can
then be directly compared to predict stability.
dihedral angles angles, which can be seen

In

The

~

-

~

carbon

Table 4, are useful only

in showing that there are significant angle differences between the
tw.o. structures. For almost all the a.a. 's, there is a very large angular
difference between the systems. This angle difference could be
responsible for the different radius. We can conjecture that when an
angle changes with response to the ions around it in solution, the
change in angle propagates up the chain enlarging the cavity. The
hydrogen bonding within the strand appears to be minimal in the
sequences with ten a.a. As the chain gets longer, intrastrand
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hydrogen bonding may become more important for the stability In
the system. In these models hydrogen bonding to the solvent is an
important stabilizing effect. The number of water molecules present
in the cavity shows the amount of space available within the
structure. Since there are so few water molecules present, the water
does not seem

(0

stabilize the structure when inside. It is interesting

to note that the Ca+ 2 ions are closer to both oxygens than the K+. This

can be easily explained by the larger ionic radius of the K+. Perhaps
the reason that the Ca+ 2 ions stabilize the structure better is a
function of their ionic radius allowing them to coordinate more
closely with the structure.
Based on the Total CHARMm energIes after compensating for
the energy of aquation, there is a large difference in energy
observed. The very large energy of the helix with K+ versus the much
lower energy for the helix with Ca+ 2 , provides good evidence that the
Ca+ 2 helix is much more stable.

Cross-Linking Efficiencies:

The cross-linking reactions showed a great deal more variance
10

efficiency than would have been expected, This is partly due to

the fact that only one DNA sequence was modeled, while two
sequences were used for the efficiency reactions. It would not be
surprising that by changing the nucleotides in the vicinity of the
cross-linker the interactive forces would change enough with the
larger cross-linkers to create a longer G-G distance. This increased
distance could then be too far for the cross-linker to span.
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Although with the 5'd-[GGCC], there was almost an equal
efficiency with the DEB (13) and the OEO (21) , there was a very
large standard deviation. Much of this large deviation would seem to
arise out of the imprecise technique of cutting out the band on the
polyacrylamide gel. Using the

Me

(16) reference only gIves a general

approximation of the cross-linked band. The Me has a higher
molecular weight than the other cross-linkers, thus it would be
slightly higher on the gel than other cross-linked bands. The
autoradiogram tends to have a different intensity from reaction to
reaction. If the bands are diffuse, it is difficult to determine where
the bands actually are. As our srudies continue, our results became
more uniform, but we were unable to remove any of the data from
our results using the T -test.
Although there was a very small amount of cross-linking when
the compound assumed

lO

be DEP (2) was used, it cannot be

assumed that the cross-linking was caused by the DEP or the epoxide
nngs that were observed using the JR.
As stated above, there are many other factors which can effect
the extent of a reaction (such as the cross-linking reaction) or the
stability of a DNA fragment. Without the knowledge of these other
factors being used in the theoretical calculations. the information
obtained must be used only as a reference which can provide
suppon for hypotheses, but should not be used as the only source of
the hypothesis. Many more studies should be done to determine the
efficiencies of cross-linkers with different sequences in order to be
complete.
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There comes a time when every scientist, even God, has to
write off an experiment.

- P.D. James
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